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NON-INVASIVE METHOD AND APPARATUS FOR CARDIAC 
PACEMAKER PACING PARAMETER OPTIMIZATION AND 
MONITORING OF CARDIAC DYSFUNCTION 



FIELD OF THE INVENTION 

[0001] The present invention pertains generally to medical devices and 
more particularly to medical devices for monitoring activity of the heart 
and providing therapy thereto including implantable cardiac pacemakers 
and external programmers and other devices for determining optimal 
pacing parameters for such implantable pacemakers and for providing 
such pacing parameters to an implanted device. 

BACKGROUND OF THE INVENTION 

[0002] Various types of medical devices are employed to monitor 
electrical or other activity of the heart and to provide therapy to the heart 
for the correction of electrical conduction defects, inadequate pump 
function, or irregular cardiac rhythms. Such defects and irregular rhythms 
may result from or indicate various pathological conditions of the heart, 
including congestive heart failure. Many such devices are implantable 
beneath the skin of a patient, i.e., in the patients chest. Such 
implantable devices include a hermetically sealed canister containing 
electronic circuitry for implementing the functions of the device, one or 
more electrodes implanted in one or more of the ventricles and/or atria of 
the heart, or in close proximity thereto, and leads for connecting the 
electrodes to the circuitry within the device canister. The device circuitry 
includes circuitry for detecting electrical signals produced by the heart, 
which signals are picked up at the electrodes, along with circuitry, 
typically implemented in a microprocessor, for analyzing the thus detected 
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cardiac signals. The device may also include circuitry for providing 
therapy in the form of electrical signals applied to the heart. Such signals 
are provided to the heart via the leads and electrodes mounted in the 
heart so as to correct electrical conduction defects or abnormal rhythms. 
The analysis circuitry controls the delivery of such electrical therapy 
signals based on the detected cardiac activity signals. The implantable 
device may also include a transmitter/receiver for transmitting cardiac 
activity and other information to an external device for, e.g., storage 
and/or further analysis, and for receiving information, such as 
programming instructions, from the external device via, for example, an 
RF link. 

[0003] An example of such an implantable cardiac device is an 
implantable cardiac pacemaker. A pacemaker provides relatively low-level 
electrical pulses to the heart to stimulate heart activity when the natural 
cardiac rate provided by the heart is too low. A dual chamber pacemaker 
includes electrodes positioned in both the atria and ventricles of the heart 
for detecting naturally occurring atrial and ventricular activations, and for 
providing pacing pulses to the atria and/or ventricles as needed. Such a 
device monitors the time between sensed and paced atrial and ventricular 
activations and provides pacing pulses as needed to maintain an adequate 
heart rate. For example, such a device will note the occurrence of a 
sensed or paced atrial or ventricular event and, if a subsequent naturally 
occurring atrial and/or ventricular event is not sensed within a certain time 
(escape interval) following the first sensed or paced event, a pacing pulse 
will be applied to the atria and/or ventricles to maintain a desired heart 
rate. 

[0004] Implantable cardiac pacemakers may also be employed to 
improve cardiac function in heart failure patients. Such implantable 
pacemakers may improve cardiac pump function by correcting left 
ventricular conduction system defects. In such systems an electrical 



Atty. Dkt. No. 044407:0661 



pacing signal is provided by the pacemaker to a pacing lead implanted 
epicardially in the coronary vein to stimulate the left ventricle. 
Biventricular pacing may also be provided. Such heart failure therapy is 
commonly referred to as cardiac resynchronization therapy. Implantable 
pacemakers for heart failure therapy may be implemented as dual or triple 
chamber pacemakers. Such pacemakers may be included within an 
implantable device capable also of providing atrial and/or ventricular 
defibrillation. 

[0005] As discussed above, left ventricular or biventricular pacing can 
have a beneficial effect for patients suffering from congestive heart 
failure. However, it has been found that the various parameters which 
control such pacing must be set within a certain range for such pacing to 
have a beneficial effect for those patients, or to yield the best therapeutic 
response. For example, it has been found that patients exhibiting 
congestive heart failure have a specific range or value of AV delay (the 
maximum time allowed to pass following a sensed or paced atrial event 
before the ventricles are paced), over which the therapeutic response to 
pacing is positive. Also, within the range of AV delay, or other 
pacemaker settings, for which a positive therapeutic effect is provided by 
pacing, is a more narrow optimum subrange of AV delay or other pacing 
parameter values which provide the greatest degree of therapeutic 
improvement. Arbitrarily setting the AV delay and other pacing 
parameters at nominal values may not guarantee the optimum benefit 
obtainable (or even any benefit at all) by left ventricular or biventricular 
pacing in congestive heart failure patients. It would, therefore, be 
advantageous to have a system which allows an operator to determine 
whether a controlled pacing parameter or set of parameters is optimal for 
a given patient and, if not, which allows the operator to reprogram an 
implanted pacemaker such that the implanted device is made to operate in 
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a pacing mode and with pacing parameters that result in an optimum 
benefit to the patient. 

[0006] U.S. Patent No. 5,540,727 to Tockman, et al. describes a 
method and apparatus for optimizing the pacing mode and pacing cycle 
parameters of an implanted dual chamber pacemaker. This patent 
describes providing as inputs to an external monitor/programming device 
data from one or more cardiac performance monitoring devices. Such 
devices may include external equipment, such as an acceleration sensor, 
capable of providing signals characteristic of features of the mechanical 
movements of the heart muscle, its valves, and the blood being pumped 
by it, a Doppler flow sensor for sensing cardiac output, a pressure cuff or 
similar type sensor for providing an indication of mean arterial pressure, a 
pulse oximeter to provide signals corresponding to the percentage 
concentration of oxygen and carbon dioxide in the patient's blood, and/or 
a respiration sensor capable of analyzing respiratory gases and delivering 
signals proportional thereto to the monitor/programmer. One or more 
sensors may also, or alternatively, be implanted within the body to sense 
various cardiac performance parameters and to provide corresponding 
data to the monitor/programmer. Data from the cardiac performance 
monitoring devices is used by the monitor/programmer to monitor one or 
more physiological parameters during a pacing interval with a given 
pacing parameter (e.g., AV delay) set at a given value and with a given 
pacing mode. The selected pacing parameter is changed incrementally, 
and monitoring of the detected physiological parameters is repeated at 
each increment of the pacing parameter. Between each such pacing 
period, the heart is allowed to beat at a natural sinus rhythm, in order to 
establish a baseline for comparison. The physiological parameters 
monitored during each pacing interval are analyzed to determine the 
selected pacing parameter value and pacing mode which results in the 
best resulting physiological response, which could be either a maximum or 
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minimum value of a physiological parameter, depending upon the 
particular physiological parameter involved. An implanted pacemaker is 
then programmed using the external programmer to operate with the 
pacing parameter value and pacing mode associated with the best 
determined physiological parameter response. 

[0007] A known method of evaluating heart mechanical performance is 
described in U.S. Patent No. 5,291,895 to Mclntyre. This patent 
describes a system for evaluating cardiac performance which employs a 
finger pressure sensor including a piezoelectric pulse pickup and an 
inflatable cuff which wraps around a patient's finger to apply pressure, 
through the pickup, to the skin of the patient's finger. Pressure pulses 
detected using the finger sensor may be analyzed to detect abnormal 
cardiac performance. In particular, abnormal cardiac performance may be 
identified by analyzing the finger pressure signal obtained during and after 
an activity which produces stress on the patient's heart. An example of 
such a heart-straining activity is the Valsalva maneuver, in which a 
patient exhales forcefully into a closed system so as to maintain an 
increased intrathoracic pressure for a short period of time. It has been 
determined that the reflected arterial-pulse contour detected from a 
patient's finger during the Valsalva maneuver is predictive of pulmonary- 
capillary wedge pressure. In particular, the pulse-amplitude ratio of the 
final (minimal) to initial (maximal) amplitude of the strain phase of the 
maneuver has been determined to correlate well to pulmonary-capillary 
wedge pressure. Pulmonary-capillary wedge pressure is a well-known 
measure of heart failure disease. 

[0008] What is desired is a system and method which allows a 
physician to easily, accurately, and noninvasively monitor the condition of 
a heart failure patient and to optimize the pacing parameters of an 
implanted pacemaker used to treat such a condition. In particular, what is 
desired is a system and method which allows a physician to monitor the 
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condition of a heart failure patient and to optimize the pacing parameters 
in an implanted pacemaker providing therapy to the patient by 
noninvasively monitoring a physiological parameter related to heart 
performance and programming the implanted device to optimize such a 
parameter. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides a method and apparatus for 
monitoring the condition of a heart failure patient and for determining 
optimal pacing parameters for an implanted cardiac pacemaker based on 
noninvasive monitoring of physiological parameters related to heart 
performance. In particular, the present invention features an external 
programmer device for monitoring the progression of heart failure disease 
in a patient and/or transmitting programming instructions to a pacemaker 
device implanted in the patient to optimize one or more pacing parameters 
thereof. A finger sensor, such as a photoplethysmogram detector, is 
provided, which may be clipped to the tip of a finger of a patient in which 
a pacemaker is implanted. The finger sensor is coupled to the external 
programmer device to provide a plethysmogram signal thereto. The finger 
plethysmogram signal is analyzed using the external programmer device to 
determine and monitor cardiac performance from characteristics thereof. 
The external programmer device may be employed to program one or 
more pacing parameters (e.g., the AV delay, the pacing chambers, etc.) in 
the implanted device, such that the performance of the heart, as indicated 
from the detected finger plethysmogram signal, is optimized. Cardiac 
performance parameters monitored via the finger plethysmogram signal in 
accordance with the present invention also may be employed to 
determine the optimum location for the placement of cardiac pacing 
electrodes at the time of implant. 
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[0010] Various physiological characteristics may be non-invasively 
monitored, e.g., using a finger plethysmogram signal, analyzed to 
determine cardiac performance and, in turn, used to optimize implanted 
cardiac pacemaker device pacing parameters in accordance with the 
present invention. For example, heart failure patients with advanced 
ventricular dysfunction often exhibit pulsus alternans, i.e., pressure pulses 
that alternate in amplitude: strong, weak, strong, weak. Pulsus alternans 
can be observed non-invasively, e.g., using the finger plethysmogram, and 
the progression of heart failure monitored by observing the presence of 
pulsus alternans in the finger plethysmogram signal provided to an 
external programmer device. The external programmer device may be 
used to adjust the pacing parameters of an implanted pacemaker to 
minimize the pulsus alternans as non-invasively identified, e.g., in the 
finger plethysmogram signal. 

[0011] Atrial fibrillation patients experience irregular beat-to-beat blood 
pressure changes. Such pressure changes may be non-invasively 
identified, e.g., from a finger plethysmogram signal. A finger 
plethysmogram signal may thus be used by an operator of an external 
programmer device, in accordance with the present invention, to monitor 
the progression of heart failure and to adjust an implanted pacemaker's 
pacing parameters such that the blood pressure of the atrial fibrillation 
patient is regularized, resulting in a plethysmogram signal with more 
uniform peak amplitudes. Such plethysmogram information could also be 
combined with ventricular rate information to optimize the pacing 
parameters of a pacemaker implanted in an atrial fibrillation patient. 
[0012] A finger plethysmogram signal provided to an external 
programmer device in accordance with the present invention may also be 
used to monitor filling pressures, such as pulmonary-capillary wedge 
pressure, which is a common measure of a patient's hemodynamics that 
is an approximation to the left ventricular diastolic end pressure. As 
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discussed above, pulmonary-capillary wedge pressure (filling pressure) is a 
well-known measure of heart failure disease. In accordance with the 
present invention, pulmonary-capillary wedge pressure (filling pressure) 
may be monitored non-invasively, e.g., using a finger plethysmogram 
signal or other blood pressure related signal obtained during the 
performance of a classic Valsalva maneuver by a patient. Performance of 
the Valsalva maneuver may preferably be monitored by the external 
programmer device to which a finger plethysmogram signal is provided. 
For this purpose, a mouthpiece may be provided coupled to the external 
programmer device, and a pressure sensor providing a pressure signal to 
the programmer device coupled to the mouthpiece for determining the 
patient's intrathoracic pressure during performance of the Valsalva 
maneuver. The intrathoracic pressure signal may be employed by the 
external programmer device for monitoring the patient's performance of 
the Valsalva maneuver. An external programmer device in accordance 
with the present invention may employ the finger plethysmogram signal 
generated during the Valsalva maneuver to monitor the progression of 
heart failure in a patient, either by qualitative observation of the shape of 
the finger plethysmogram signal during performance of the Valsalva 
maneuver or by quantitative estimate of filling pressure derived therefrom 
in a conventional manner. The external programmer device may be 
employed to program one or more pacing parameter of a pacemaker 
implanted in a patient in a manner such that the finger plethysmogram 
signal generated during the Valsalva maneuver is made more normal, i.e., 
the qualitative shape of the finger plethysmogram signal is more normal or 
the quantitative pulmonary-capillary wedge pressure (filling pressure) 
estimated therefrom is minimized. 

[0013] Various different procedures may be employed for optimizing 
the pacing parameters of an implanted pacemaker in accordance with the 
present invention, depending upon the cardiac performance parameters 
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non-invasively monitored, e.g., using a finger plethysmogram signal 
provided to an external programmer device. For example, if the finger 
plethysmogram signal is employed to monitor filling pressure (either 
qualitatively or quantitatively), a clinician may employ the present 
invention to monitor and store the plethysmogram signal obtained from a 
patient performing the Valsalva maneuver for a given set of pacemaker 
pacing parameters, and then send the patient home. After a few days, 
needed to reach a steady state fluid balance, the patient would return, a 
finger plethysmogram obtained while the patient performed the Valsalva 
maneuver again, and;further adjustments to the pacemaker pacing 
parameters made using the external programmer device, as necessary. 
After several such trials, the optimum pacing parameters to be 
programmed into the pacemaker device may be selected as those yielding 
the best finger plethysmogram response during the Valsalva maneuver, 
e.g., the parameters yielding the best pulmonary-capillary wedge 
pressure. The Valsalva response in the finger plethysmogram signal may 
also be observed, and/or the pulmonary-capillary wedge pressure derived 
therefrom, using a programmer device in accordance with the present 
invention, for monitoring disease progression of a patient, so that a 
deterioration can be better detected and characterized. Such monitoring 
may result in a determination that the patient's disease may be managed 
more thoroughly with therapies other than, or in addition to, cardiac 
pacing. 

[0014] Optimum pacing parameters may be determined, e.g., 
automatically using the external programmer device in a single diagnostic 
session. For example, the external programmer device may control an 
implanted pacemaker to pace a patient's heart using a series of different 
pacing parameter values. The resulting finger plethysmogram signal 
obtained during each such pacing interval may be analyzed and stored. 
Between each such pacing interval, the heart may be allowed to beat at a 
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natural sinus rhythm, in order to establish a baseline for comparison. 
Baseline beat amplitudes and repeated pacing intervals for each pacing 
parameter value under test may be employed in the determination of the 
cardiac effect of pacing as reflected in the finger plethysmogram signal, 
such that the effects of noncardiogenic changes on finger pulse amplitude 
and other artifacts are rejected. After cycling through various pacing 
parameters in this manner, the resulting finger plethysmogram signals 
stored may be analyzed, and the implanted pacemaker programmed either 
manually or automatically with the pacing parameters resulting in the 
plethysmogram signal indicating the best cardiac performance, e.g., the 
finger plethysmogram signal indicating the largest pulse amplitude 
response, eliminated or reduced pulsus alternans, or, in the case of a 
patient with atrial fibrillation, the finger plethysmogram signal with the 
most uniform peak amplitudes, i.e., indicating reduced irregular pressure 
changes. 

[0015] A system and method in accordance with the present invention 
may be used to optimize any of several different pacing parameters to 
optimize pacemaker performance. Such parameters may include, for 
example, the AV delay, pacing mode, pacing power (e.g., pacing pulse 
amplitude and/or pulse width) and/or pacing location (left and/or right 
ventricle). In general, the present invention may be used to optimize any 
programmable pacing parameter which would result in a hemodynamic 
response. A system and method in accordance with the present invention 
also may be employed in the manner described to determine the optimum 
location for the placement of cardiac pacing electrodes at the time of 
implant. 

[0016] Further objects, features, and advantages of the invention will 
be apparent from the following detailed description, taken in conjunction 
with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Fig. 1 is a schematic diagram of an exemplary system in 
accordance with the present invention for monitoring cardiac disease 
progression and/or for optimizing the pacing parameters of a pacemaker 
implanted in a patient using a noninvasive plethysmogram signal obtained 
using a finger sensor and a pacemaker programmer. 

[0018] Fig. 2 is a waveform diagram showing the effect of the Valsalva 
maneuver on the blood pressure response in a normal subject. 
[0019] Fig. 3 is a waveform diagram showing the effect of the Valsalva 
maneuver on the blood pressure response in a patient with congestive 
heart failure. 

[0020] Fig. 4 is a waveform diagram showing pulsus alternans as 
detected using a finger plethysmogram sensor and an invasive catheter tip 
pressure transducer placed temporarily in the aorta of a patient. 
[0021] Fig. 5 is a waveform diagram illustrating a method of measuring 
a degree of pulsus alternans from a finger plethysmogram signal. 
[0022] Fig. 6 is a waveform diagram illustrating relative changes in 
pulse pressure of an atrial fibrillation patient and the effect of pacing on 
the pressure signal obtained from an invasive catheter tip pressure 
transducer placed temporarily in the aorta of a patient and from a finger 
plethysmogram sensor. 

[0023] Fig. 7 is a waveform and timing diagram illustrating a method in 
accordance with the present invention for pacing the heart using various 
pacing parameters and monitoring a finger plethysmogram signal during 
such pacing to determine optimum pacing parameters in a manner which 
rejects noncardiogenic changes in the finger plethysmogram signal and 
other artifacts which may affect the accuracy of the determination. 
[0024] Fig. 8 is an exemplary graph derived from a series of paced 
responses as detected in finger plethysmogram signals obtained during 
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pacing sequences using a series of AV delays to determine an optimum 
AV delay value. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] An exemplary system in accordance with the present invention 
for monitoring cardiac disease progression and for optimizing the pacing 
parameters of an implanted pacing device using cardiac performance 
information obtained from a noninvasive sensor is illustrated in, and will 
be described in detail with reference to, Fig. 1 . A system in accordance 
with the present invention is preferably embodied in an external 
programmer device 10. The external programmer device 10 is employed 
to monitor cardiac disease progression and/or to program the operating 
parameters of an implantable cardiac device 12. 

[0026] The implantable cardiac device 12 includes a hermetically sealed 
canister 14 which encloses circuitry for detecting and analyzing cardiac 
electrical conduction defects and arrhythmias and for providing therapy 
therefore. The circuitry within the canister 14 is connected via one or 
more leads 1 6 to one or more electrodes 18 which are implanted in or 
near the chambers of a patient's heart 20. Depending upon the specific 
application and functionality of the implantable cardiac device 12, 
electrodes 1 8 may be positioned in or near the ventricles, atria, or, 
preferably, both the atria and ventricles of the heart 20. The electrodes 
18 pick up electrical signals produced in the chambers of the heart 20 and 
provide electrical contact for electrical pulses or shocks which are 
delivered to the chambers of the heart 20 to pace or defibrillate/cardiovert 
the heart 18. In a dual chamber pacemaker, for example, electrodes 18 
are positioned in or near both the atria and ventricles of the heart 20 to 
detect atrial and ventricular activity of the heart 20 and to provide pacing 
pulses to the atria and ventricles. A plurality of leads 16 may be required 
to connect the electrodes 18 positioned in or near the heart 20 to the 
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circuitry within the device canister 14. As is known in the art, multiple 
electrodes 18 may be coupled to the circuitry within the canister 14 via a 
single one of the leads 16. The canister 14, leads 16, and electrodes 18 
are preferably designed such that the entire device 1 2 is implantable 
beneath the skin of a patient 22. 

[0027] The leads 16 connect the electrodes 18 positioned within or 
near the heart 20 to signal detection circuitry 24 within the implantable 
device canister 14. The signal detection circuitry 24 may be implemented 
in a conventional manner to provide atrial and/or ventricular activity 
signals based on the cardiac signals picked up at the electrodes 18. 
Conventional signal detection circuitry 24 may include signal amplifiers 
and filters, and may include, in addition, circuitry for detecting atrial and 
ventricular depolarizations and for providing atrial and ventricular 
depolarization detection signals in response thereto. 
[0028] The signals provided by the signal detection circuitry 24 are 
provided to an implantable device system processor 26. The implantable 
device system processor 26 may be implemented, for example, as one or 
more conventional microprocessors with associated memory. Memory 
may be an integral part of, or separate from, but coupled to, the 
processor 26. Memory is employed in a conventional manner to store 
data, such as cardiac activity data, for analysis by the processor 26, as 
well as to store the programming instructions which control the functions 
performed by the processor 26. For example, such programming 
instructions may include various pacing parameters, which are used to 
control pacing of the heart 20, and which are programmable from external 
to the patient 22 by use of the external programmer device 10 in a 
manner to be described in more detail below. Of course, other general 
and conventional programming instructions for the processor 26 may also 
be stored in memory. 
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[0029] The implantable cardiac device 12 preferably also includes signal 
generator circuitry 28 for implementing a dual or triple chamber or other 
pacemaker function. The signal generator circuitry 28 operates in a 
conventional manner to provide pacing pulses to the electrodes 18 
positioned in the heart 20 via the leads 16 to maintain a desired cardiac 
rate or, in general, to improve cardiac performance. The signal 
generator 28 preferably receives atrial and ventricular depolarization 
detection signals directly from the signal detection circuitry 24. The 
signal generator circuitry 28 employs the atrial and ventricular 
depolarization detection signals from the signal detection circuitry 24 in a 
conventional manner to, for example, inhibit atrial or ventricular pacing 
when timely naturally occurring atrial or ventricular depolarizations are 
detected. The signal generator 28 may be controlled in a conventional 
manner, e.g., by the implantable device processor 26 and/or internally, to 
provide, e.g., conventional dual chamber bradycardia or other pacing. 
[0030] The signal generator circuitry 28 may also include 
defibrillator/cardioverter circuitry for applying relatively high-level 
defibrillating or cardioverting electricity energy to the atria and/or 
ventricles of the heart 20 via the leads 16 and electrodes 18 positioned in 
the heart 20. The implantable device processor 26 monitors the atrial and 
ventricular activity signals provided thereto by the signal detector 
circuitry 24. Conventional algorithms known in the art may be used to 
determine the occurrence of atrial or ventricular fibrillation from such 
signals. If such a cardiac arrhythmia is detected, the implantable device 
processor 26 may control the signal generator 28 to provide relatively 
high-level electrical shocks to the ventricles and/or atria to defibrillate 
and/or cardiovert the heart 20 in a conventional manner. It should be 
understood, however, that the present invention is particularly applicable 
to optimizing pacing parameters and, therefore, the present invention is 
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particularly applicable to pacemaker devices which need not, but may, 
include defibrillator/cardioverter circuitry. 
[0031] The implantable cardiac device 12 includes a 
receiver/transmitter 30 including an antenna coil 32. The 
receiver/transmitter 30 may be implemented in a conventional manner to 
transmit data from the implantable device processor 26 out of the 
implantable device 12 to the external programmer device 10. For 
example, cardiac activity data detected by the signal detector circuitry 24 
may be transmitted to the programmer device 10 to be stored and 
analyzed therein in more detail than is possible in the implanted device 1 2 
itself. The receiver/transmitter 30 may also receive programming 
instructions from the programmer device 10 for, for example, 
reprogramming operating parameters of the implantable cardiac device 1 2 
to optimize pacing parameters thereof in accordance with the present 
invention. Communication between the receiver/transmitter 32 and the 
programmer device 10 may be implemented in a conventional manner, 
e.g., via an RF link. 

[0032] The implantable cardiac device 1 2 also includes a battery 34, 
which provides power for the processor 26 and other circuit components 
of the implantable cardiac device 12. 

[0033] The circuitry for implementing the signal detector 24, 
processor 26, signal generator 28, receiver/transmitter 30 and other 
functions of the implantable cardiac device 14 may be implemented in a 
conventional manner using analog or digital circuitry, including one or 
more microprocessors, or any combination thereof. As will be known to 
those skilled in the art, functions performed by the signal detector 24, 
signal generator 28, and receiver/transmitter 30 may be performed by 
independent analog and/or digital circuitry, as suggested by the illustration 
of Fig. 1, or may be implemented in one or more processors 26, or any 
combination of independent circuits and one or more processors. 
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[0034] The external programmer device 10 includes a programmer 
processor 36. The programmer processor 36 may be programmed in a 
conventional manner to perform the functions of the programmer 
device 10 as described herein. Programming instructions for the 
processor 36 may be stored in programmer memory 38 associated with 
the processor 36. The programmer memory 38 may be implemented in a 
conventional manner as part of or separate from the processor 36. In 
addition to programming instructions, memory 38 is preferably also 
employed to store physiological parameters related to cardiac performance 
which are obtained by the programmer 10 from a patient 22 by a 
noninvasive measurement technique, as will be described in more detail 
below. Memory 38 may also be employed to store cardiac or other 
information received by the programmer device 10 from the implanted 
device 1 2. 

[0035] The external programmer device 10 includes a 
receiver/transmitter 39, including an antenna coil 40. The 
receiver/transmitter 39 may be implemented in a conventional manner to 
transmit instructions from the programmer device 10 to the implanted 
device 12, and to receive data from the implanted device 12. Of course, 
the receiver/transmitter 39 employed in the programmer device 10 must 
be compatible with the receiver/transmitter 30 in the implanted device 12. 
As discussed above, communication between the receiver/transmitter 39 
in the programmer device 10 and the receiver/transmitter 30 in the 
implanted device 12 may be implemented in a conventional manner, e.g., 
via an RF link. The programmer receiver/transmitter 39 and/or the 
antenna 40 of the programmer receiver/transmitter 39 may, but need not, 
be mounted in a small hand-held portable wand or other structure which 
is connected via a cable to the programmer device 10 in a conventional 
manner. This conventional wand structure allows the receiver/transmitter 
39 and/or the antenna 40 to be positioned on or near a patient 22 close 
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to the position of the device 1 2 as implanted in the patient, thereby 
facilitating low power communication between the receiver/transmitter 39 
in the programmer 10 and the receiver/transmitter 30 in the implanted 
device 1 2. 

[0036] The programmer processor 36 is also preferably coupled to a 
programmer display 42 and a programmer input device 44. The 
display 42 may be implemented in a conventional manner as a CRT or 
other type of graphic display, and/or may include a printer capability for 
hard copy output. The programmer processor 36 controls the display 42 
in a conventional manner to display various types of programmer 
information thereon, including user interface information which facilitates 
use of the programmer 10 by a physician, and physiological and/or 
cardiac parameter data obtained by the programmer 10 from a 
noninvasive physiological parameter sensor and/or transmitted to the 
programmer 10 from the implanted device 12. The input device 44 may 
be implemented in a conventional manner, such as using a conventional 
keyboard, mouse, track ball, light pen, etc., or any combination of such 
input devices. 

[0037] In accordance with the present invention, the programmer 
device 10 receives as an input thereto a finger plethysmogram signal. 
The finger plethysmogram signal may be provided to the programmer 10 
using a plethysmogram detector 46 which, preferably, clips onto a finger 
of the patient 22. The finger clip plethysmogram signal detector 46 may 
preferably be implemented using a conventional pulse oximeter finger clip 
sensor which provides a finger photoplethysmogram signal on a line 48 to 
the programmer device 10. A pulse oximeter finger clip sensor is a 
photoelectric device which provides a photoplethysmogram by 
illuminating the finger tip with a light emitting diode and sampling the light 
transmitted through the finger with a photodetector. The light 
transmitted through the vascular bed of the finger tip reflects arterial 
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pulsation at the finger tip, which, in turn, is a reflection of aortic 
pulsation. The finger plethysmogram signal provided by the finger 
detector 46 on line 48 is preferably amplified and filtered, e.g., by 
conventional amplifier/filter circuitry 50, and converted, by a conventional 
analog-to-digital converter 52, into a digital finger plethysmogram signal 
which is provided to the programmer processor 36 for analysis. It should 
be noted that the amplifier/filter circuitry 50 may be implemented in a 
conventional manner in whole or in part within the programmer device 10 
and/or in the finger detector 46 itself, or inbedded in a connector of the 
finger detector cable 48. The analog-to-digital converter 52 may be 
implemented in a conventional manner as part of or separate from the 
programmer processor 36. The finger plethysmogram signal obtained by 
the programmer processor 36 from the finger detector 46 may be 
displayed to an operator on the programmer device display 42. 
[0038] It should be understood that plethysmogram signal detectors 
other than conventional pulse oximeter finger clip sensors may be 
employed to provide plethysmogram signals for use in accordance with 
the present invention. For example, a finger clip detector which includes 
a piezoelectric pulse pickup sensor which is pressed against a patient's 
finger by a spring force, a pneumatic occlusive air cuff sensor, or an 
impedance plethysmogram sensor (which passes current through the 
finger and, by monitoring impedance changes, obtains the pulse arterial 
waveform), might also be used. However, piezo and cuff sensors are 
much more cumbersome to use than the preferred photoplethysmogram 
sensors. Furthermore, other types of plethysmogram or pressure signal 
detectors placed at sites on the patient other than the patient's finger 
may be employed to provide plethysmogram or pressure signals for use in 
accordance with the present invention. For example, a tonometer sensor 
which employs the published and known concept of arterial tonometry to 
noninvasively obtain pulse waveforms may be used to provide pressure 
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signals to a programmer device in accordance with the present invention. 
Such a device is placed on the patient's forearm, over the radial artery. A 
tonometer may provide better quality signals than a pulse oximeter finger 
clip sensor, but the finger clip sensor is easier to use. Other possible sites 
for use of a photoplethysmogram sensor are the earlobe sensor and the 
reflectance forehead sensor. A nasal bridge sensor may also provide an 
arterial pulsation signal that may be used in the present invention. A 
thoracic impedance technique, in which current is passed through the 
thorax via external electrodes, could also be used to obtain a signal that 
would reflect aortic pulse pressure, and thus be used with the present 
invention. All of the arterial pulse monitoring techniques described in this 
paragraph are well known in the art of physiological monitoring. 
[0039] It should be noted that photoplethysmograms, such as provided 
by pulse oximeter finger clip sensors, can be sensitive to autonomic 
interference. Therefore, in accordance with the present invention, signal 
filtering and analysis procedures are preferably employed to diminish 
autonomic interference. As will be described in more detail below, an 
analysis procedure is preferably employed in accordance with the present 
invention where short pacing sequences are interleaved with intrinsic 
baseline beats. By analyzing the photoplethysmogram provided by the 
finger detector 46 during the short pacing periods, autonomic 
vasoconstriction and vasodilation effects on the plethysmogram signal are 
small compared to the effects introduced by pacing the heart. This 
technique, in addition to filtering of plethysmogram amplitude wander by 
interpolation or high pass filtering, and by taking repeated measures, 
yields an accurate method to eliminate physiological interference and 
produces an accurate measure of central pressure changes introduced by 
pacing. 

[0040] A finger plethysmogram signal obtained by the finger 
detector 46 is related to pulse pressure. Abnormal cardiac performance 
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may be identified by analyzing the finger plethysmogram signal obtained 
during and after an activity which produces a stress on the patient's 
heart, such as the Valsalva maneuver. To obtain such cardiac 
performance information from the finger detector 46, therefore, a 
programmer 10 in accordance with the present invention is preferably also 
adapted to monitor a classic Valsalva maneuver which may be performed 
by a patient 22 while a finger plethysmogram signal from the finger 
detector 46 is obtained by the programmer 10. For example, a 
mouthpiece 54, coupled to the distal end of a short hose 56 which is 
closed at the proximal end thereof to define a confined volume, and 
formed with an aperture 58 to release expired air, may be provided. The 
mouthpiece 54 may be implemented in a conventional manner, and is 
preferably replaceable and disposable. The hose 56 is preferably also 
disposable or washable. The hose 56 couples the mouthpiece 54 to a 
patient feedback device 59. The feedback device 59 may include a 
conventional pneumatic system and visual indicator so that the patient 
may receive visual feedback on the strength of their Valsalva exertion into 
the mouthpiece, and adjust it to maintain the required pressure. Such a 
pneumatic system may include a plastic ball in a cylinder that rises with 
exhaled pressure to a certain calibrated mark. A pressure transducer 60 
is coupled to the hose 56, and provides a pressure signal which is 
amplified and filtered, e.g., by a conventional amplifier/filter circuit 62, 
and converted, by a conventional analog-to-digital converter 64, into a 
digital signal representative of the pressure in the confined volume formed 
by the mouthpiece 54 and hose 56. The digital pressure signal is 
provided to the programmer processor 36. The pressure transducer 60 is 
preferably mounted in the feedback device 59 near the mouthpiece 54 
and provides the pressure signal therefrom to the detector 10 via a cable 
61 . The amplifier/filter circuit 62 and analog-to-digital converter 64 may 
be implemented with discrete circuitry in the programmer 10, or in the 
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feedback device 59. The functions of these circuits may, alternatively, be 
implemented, in whole or in part, by the programmer processor 36. The 
programmer processor 36 processes the digital pressure signal provided 
by the analog-to-digital converter 64, and may provide a graphical or 
other indication on the processor display 42 in response thereto which is 
representative of the pressure in the hose 56. Thus, the programmer 10 
may be employed to monitor correct execution of the Valsalva maneuver 
by a patient 22. 

[0041] To perform a Valsalva maneuver, a patient 22 exhales forcefully 
into the mouthpiece 54 so as to maintain an increased intrathoracic 
pressure for a short period of time. The Valsalva maneuver may be 
monitored using the programmer device 10 by displaying on the 
programmer display 42 a graphical or other indication of the pressure 
being maintained by the patient. A patient viewing the patient feedback 
device 59 is provided with visual feedback such that the patient 22 may 
maintain a sufficient intrathoracic pressure level for the desired period of 
time. Based on the pressure signal received by the programmer processor 
36 via the pressure transducer 60, the processor 36 may provide on the 
programmer display 42 indications which allow a physician or medical 
technician to monitor the correct execution of the Valsalva maneuver and 
to provide verbal instructions to the patient 22 to start blowing into the 
mouthpiece 54, to blow harder, to blow not so hard, to keep blowing, and 
to stop blowing, thereby controlling the Valsalva maneuver. Of course, 
any method may be employed by the programmer device 10 to help 
control the Valsalva maneuver performed by a patient 22. 
[0042] In accordance with the present invention, the programmer 
device 10 preferably monitors the finger plethysmogram signal provided 
by the finger detector 46 while a patient 22 performs a classic Valsalva 
maneuver by blowing into the mouthpiece 54. From the finger 
plethysmogram signal thus detected, the programmer device 10 derives a 
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value which is an estimate of, or related to, the pulmonary capillary 
wedge pressure of the patient 22. (The programmer processor 36 may be 
programmed to perform this function.) Pulmonary capillary wedge 
pressure is a well-known measure of heart failure disease in general and, 
more specifically, of reduced cardiac performance. (Pulmonary capillary 
wedge pressure (PCWP) is a common measure of a patient's 
hemodynamics that is an approximation to the left ventricular end 
diastolic pressure (LVEDP). It is difficult in normal clinical practice to 
measure LVEDP directly (an aortic catheter is needed). Physicians 
therefore use a venous approach, with the so-called Swan Ganz catheter, 
and through the wedge technique at the pulmonary vessels they obtain 
the so-called PCWP, which is an indirect measure of LVEDP. A high 
LVEDP (or a high PCWP) indicates reduced cardiac performance. It may 
be proven that the estimates of PCWP described herein are, more 
accurately, estimates of LVEDP, which is preferable. Therefore, it should 
be understood that wherever the term "pulmonary capillary wedge 
pressure" is used in the description and claims of the present application, 
that term also refers generally to filling pressures including both PCWP 
and LVEDP.) 

[0043] Cardiac performance may be improved by pacing the patient's 
heart 20, e.g., using the implantable cardiac device 12, which is 
programmed to provide pacing pulses using a desired pacing mode and 
pacing parameters. Improved cardiac performance should be reflected in 
the pulmonary capillary wedge pressure (filling pressure) as detected by 
the programmer device 10 based on the finger plethysmogram signal 
obtained during performance of the Valsalva maneuver. Thus, in 
accordance with the present invention, a programmer device 10 which is 
programmed to control a Valsalva maneuver while receiving a finger 
plethysmogram signal from a finger detector 46, and to derive a value 
related to pulmonary capillary wedge pressure therefrom, may be used to 
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determine optimal pacing parameters to be employed by an implantable 
cardiac device 12 to improve cardiac performance, especially for patients 
with congestive heart failure. The programmer 10 may then be used to 
program the implantable device 12 with the thus determined optimal 
pacing parameters. 

[0044] The waveform diagram of Fig. 2 shows the normal arterial 
pressure response 70 of a patient during performance of the Valsalva 
maneuver. As shown, there is usually a fall in blood pressure during the 
"strain" phase of the Valsalva maneuver, as blowing pressure 72 is 
increased and maintained at a relatively high level. There is an increase in 
heart rate toward the end of the "strain" phase. There is an "overshoot" 
of arterial pressure shortly after release of the "strain" phase, 
accompanied by a depression in heart rate in the course of the 
"overshoot." There is fairly prompt return to near the baseline level of 
blood pressure, pulse pressure, and heart rate thereafter. 
[0045] In a patient with cardiac failure, the physiological response to 
the Valsalva maneuver is quite different. One characteristic response is 
called the "square wave" response, as shown in Fig. 3. This response 
involves a slight increase in blood pressure 74 with the initiation of the 
strain phase of the Valsalva maneuver, during which blowing pressure 76 
is increased, and maintenance of nearly the same blood pressure, pulse 
pressure, and heart rate at this level throughout the "strain" phase. The 
"recovery" phase, which covers the release of the Valsalva maneuver 
"strain" phase, is characterized by the absence of any "overshoot," and 
the absence of recovery period cardiac slowing. 

[0046] Thus, cardiac performance may be observed qualitatively by 
observing the arterial pressure signal produced during performance of the 
Valsalva maneuver by a patient 22. It has been found that arterial 
pressure is reflected in the finger plethysmogram signal obtained by a 
finger detector 46. Thus, qualitative cardiac performance may be 
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observed noninvasively by monitoring the finger plethysmogram signal 
provided by a finger detector 46 and, e.g., displayed by a programmer 
device 10 on a display/printer 42, during performance of a Valsalva 
maneuver monitored by the programmer device 10, as described above. 
A more quantitative evaluation of cardiac performance may be obtained 
by calculating a value related to the pulmonary-capillary wedge pressure 
from the finger plethysmogram signal obtained by the programmer 
device 10 during performance of the controlled Valsalva maneuver. The 
programmer processor 36 may be programmed to employ any 
conventional known algorithm for calculating a value related to 
pulmonary-capillary wedge pressure from the finger plethysmogram 
signal. For example, it is known that the pulse-amplitude ratio of the final 
(minimal) to initial (maximal) amplitude of the pressure signal obtained 
during the strain phase of the Valsalva maneuver has been determined to 
correlate well to the pulmonary-capillary wedge pressure. Thus, by 
observing qualitative changes in the finger plethysmogram signal as 
displayed by the programmer device 10 on the programmer display 42, or 
changes in the quantitative value related to pulmonary-capillary wedge 
pressure as calculated from the finger plethysmogram signal by the 
programmer device 10, during performance of the Valsalva maneuver as 
controlled by the programmer device 10, during cardiac pacing using 
various different pacing modes and/or parameters by the implanted pacing 
device 12, optimum pacing parameters may be determined. Optimum 
pacing parameters are those parameters which result in a finger 
plethysmogram signal obtained during performance of the controlled 
Valsalva maneuver which corresponds most closely to a normal finger 
plethysmogram signal under such conditions, or which result in the best 
calculated value related to pulmonary-capillary wedge pressure. 
[0047] An exemplary method for employing a programmer device 10 in 
accordance with the present invention to optimize the pacing parameters 
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of a pacing device 1 2 implanted in a patient 22 based on a detected 
finger plethysmogram signal obtained during a programmer monitored 
Valsalva maneuver is as follows. A symptomatic congestive heart failure 
patient, or a patient suffering from another cardiac condition, and who 
has an implantable pacemaker device 12 implanted to treat the condition, 
or another condition, may be required to come to a pacemaker follow-up 
clinic. The patient 22 would sit or lie down in a resting position and have 
the finger clip detector 46 attached to his or her finger. The patient 22 
would then blow into the mouthpiece 54, thereby performing a classic 
Valsalva maneuver, albeit monitored and controlled by the programmer 
device 10 in the manner described above. As described above, the 
programmer device 10 will receive and analyze the finger plethysmogram 
signal obtained from the finger detector 46 during performance of the 
Valsalva maneuver. The resulting finger plethysmogram signal may be 
displayed on the programmer display/printer 42 and/or saved in 
programmer memory 38. The programmer processor 36 may analyze the 
finger plethysmogram signal to derive a quantitative pulmonary-capillary 
wedge pressure or related estimation from the signal. This value may be 
calculated from the finger plethysmogram signal in a conventional 
manner, as described above, displayed on the display/printer 42, and 
saved in memory 38. The clinician would then adjust one or more pacing 
parameters of the implanted device 12 using the programmer device 10 in 
a conventional manner. The patient 22 would then be sent home. After 
some period of time, needed to reach a steady state fluid balance, the 
patient 22 would return to the clinic, and the procedure of obtaining and 
analyzing a finger plethysmogram signal during performance of a 
controlled Valsalva maneuver would be repeated. One or more pacing 
parameters of the implanted device 12 may again be adjusted after the 
procedure. After several (e.g., three) such trials, the best pacing 
parameter for the implanted device 12 may be selected by choosing the 
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pacing parameters which resulted in the most normal finger 
plethysmogram signal obtained during performance of the controlled 
Valsalva maneuver, or the pacing parameters yielding the lowest 
estimated pulmonary-capillary wedge pressure value calculated therefrom. 
(Preferably, each trial using a given pacing parameter may be repeated 
several times (e.g., three times), to improve the accuracy of the result.) 
The optimal pacing parameters may then be programmed into the 
implanted device using the programmer 10 in a conventional manner. 
[0048] A programmer device 10 in accordance with the present 
invention may also or alternatively be employed to optimize the pacing 
parameters of an implanted pacing device 12 based on the analysis of 
pulsus alternans which may be detected in the finger plethysmogram 
signal provided by a finger detector 46. Heart failure patients with 
advanced ventricular dysfunction often have pulsus alternans. This 
pathological manifestation of the disease consists of pressure pulses that 
alternate in amplitude: strong, weak, strong, weak. In severe cases, the 
pulsus alternans can be palpated. The exact mechanism resulting in 
pulsus alternans in heart failure patients is unknown. However, the main 
known factors include inotropic alternation at the cellular level (Ca 2 + 
cycles) and secondary mechanical filling and loading alternations. It is 
known that pacing in congestive heart failure patients modifies ventricular 
filling (mechanical correction) and corrects conduction defects. Pulsus 
alternans have been observed to disappear in congestive heart failure 
patients when intracardiac conduction defects are corrected. Thus, 
improvement in cardiac performance resulting from optimization of pacing 
parameters can be observed by the resulting reduction of pulsus alternans 
in congestive heart failure patients receiving such therapy. 
[0049] As illustrated in Fig. 4, a finger plethysmogram signal 78 
obtained from a finger detector 46 attached to a congestive heart failure 
patient reveals pulsus alternans as pulses of alternating amplitudes. Note 
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that the finger plethysmogram signal 78 reflects the pulsus alternans 
which are apparent in a signal 80 obtained directly using, e.g., an 
implanted aortic pressure sensor. Thus, Fig. 4 illustrates that pulsus 
alternans can be detected accurately and, therefore, variations/reductions 
in pulsus alternans observed, using a finger detector 46 to obtain a finger 
plethysmogram signal. 

[0050] In accordance with the present invention, the programmer 
device 10 may be employed to analyze the finger plethysmogram signal 
obtained by a finger detector 46 to monitor the degree of pulsus alternans 
in heart failure patients, and to adjust the pacing parameters of an 
implanted pacing device 12 to minimize pulsus alternans thus detected. 
By measuring the pattern of alternans and the amplitude ratios in the 
plethysmogram signal, hemodynamic impairment amelioration can be 
monitored. Thus, for example, a clinician may observe the finger 
plethysmogram signal provided by the finger detector 46, as processed by 
the programmer processor 36 for display on programmer 
display/printer 42, resulting from the application of various different 
pacing parameters by the implanted pacing device 12. Those pacing 
parameters which result in a displayed finger plethysmogram signal 
showing the minimum degree of pulsus alternans may then be selected as 
the optimal pacing parameters to be used to program the implanted 
pacing device 12. More quantitatively, the programmer device 
processor 36 may be programmed to calculate a numerical value relating 
to the degree of pulsus alternans detected in a finger plethysmogram 
signal during application of particular pacing parameters by an implanted 
pacing device 12. For example, as illustrated in Fig. 5, the programmer 
processor 36 may calculate a degree of pulsus alternans as the amplitude 
ratio of the peak-to-peak amplitude a of the larger amplitude pulses 
detected in the finger plethysmogram signal to the peak-to-peak 
amplitude b of the smaller amplitude pulses detected in the finger 
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plethysmogram signal. An average of such a ratio may be calculated for 
several series of beats detected during application of pacing using 
particular selected pacing parameters provided by the implanted 
device 12. The pacing parameters which result in the lowest average 
pulse amplitude ratio thus calculated may be selected as the optimum 
pacing parameters to be employed in the implanted pacing device 12. Of 
course, the programmer device processor 36 may also be programmed to 
derive a quantitative measurement of pulsus alternans in the finger 
plethysmogram signal 78 in any other manner. 
[0051] A programmer device 10 in accordance with the present 
invention may also, or alternatively, be employed for optimizing the pacing 
parameters of an implanted pacing device 1 2 to obtain the best 
hemodynamic performance in an atrial fibrillation patient. Atrial fibrillation 
may result in irregular ventricular rhythm and pulse pressure. Pacing of 
the ventricles is employed to regulate the rhythm and pressure in the 
ventricles. As illustrated in Fig. 6, a pulse pressure signal 82 obtained 
from a pressure sensor implanted in the aorta of a patient experiencing 
atrial fibrillation shows irregular beat-to-beat pulse pressure. A 
corresponding finger plethysmogram signal 84 obtained from a finger 
detector 46 also reflects relative changes in pulse pressure. Note that the 
finger plethysmogram signal 84 tracks the pressure changes in the 
signal 82 obtained via direct measurement in the aorta of an atrial 
fibrillation patient. Thus, the finger plethysmogram signal 84 may be 
employed by a programmer device 10 in accordance with the present 
invention to optimize the pacing device 12 pacing parameters by adjusting 
the pacing device pacing parameters such that the pressure, as reflected 
in the finger plethysmogram signal, is regularized, and the peak 
amplitudes are more uniform. 

[0052] For example, the programmer device 10 may command the 
implanted pacing device 12 to execute various known rate and 
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pressurization regularization algorithms which are used to regulate 
ventricular activity of a patient experiencing atrial fibrillation. A finger 
plethysmogram, as obtained from the finger detector 46, is received by 
the programmer processor 36, and displayed on the display/printer 42 
and/or saved in memory 38 as the implanted device 1 2 provides pacing A 
using various different pacing parameters. After this procedure is 
complete, the programmer device 10 may print out and/or display a report 
of the pacing parameters that yield the best hemodynamic response based 
on the finger plethysmogram signal, e.g., the pacing parameters yielding 
the finger plethysmogram signal showing the most regularized and 
uniform peak amplitudes. For example, the pacing parameters resulting in 
the lowest average peak-to-peak amplitude variation in the finger 
plethysmogram signal may be selected as the optimum pacing parameters 
for an atrial fibrillation patient. Ventricular rate information could also be 
combined with the pressure uniformity data for selecting the pacing 
parameters. Thus, the present invention may be employed to optimize 
noninvasively pacing parameters of an implanted pacing device 12 
providing therapy in an atrial fibrillation patient. 

[0053] As discussed above, in accordance with the present invention, a 
finger plethysmogram signal is employed as a noninvasive measure of 
cardiac performance. This measure may be employed to monitor the 
progression of heart failure disease, to more accurately determine the 
optimum intervention to be employed in the overall management of the 
patient. Where pacing therapy is to be employed, the finger 
plethysmogram signal is employed by a programmer device 10 in 
accordance with the present invention to obtain optimum pacing 
parameters for an implanted pacing device 12. Various manual and/or 
automatic methods may be employed using the finger plethysmogram 
signal to obtain such optimum pacing parameters. 
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[0054] For example, as illustrated in Fig. 6, a finger plethysmogram 
signal 82 obtained from a finger detector 46 reflects changes in cardiac 
pulse pressure, e.g., as detected directly from a signal 84 provided by a 
pressure sensor positioned in a patient's aorta. As illustrated in Fig. 6, 
the finger plethysmogram signal tracks pressure changes as pacing is 
introduced, e.g., to a congestive heart failure patient. The finger 
plethysmogram signal 86 may thus be monitored during a pacing interval 
during which pacing is provided by the implanted pacing device 12 with 
pacing parameters set at given values. A selected pacing parameter may 
be incrementally changed, and monitoring of the finger plethysmogram 
signal repeated at each pacing interval corresponding to an increment of 
the selected pacing parameter. Between such pacing periods, the heart 
may be allowed to beat at a natural sinus rhythm, in order to establish a 
baseline for comparison. The programmer device processor 36 may be 
programmed, as described above, to analyze the finger plethysmogram 
signals obtained during such pacing intervals and to determine 
automatically therefrom the pacing parameters which result in the best 
hemodynamic performance (e.g., as discussed above, the finger 
plethysmogram signal resulting in reduced pulsus alternans, regularized 
pulse amplitude, etc.). 

[0055] An exemplary method in accordance with the present invention 
for pacing the heart using various pacing parameters and monitoring a 
finger plethysmogram signal during such pacing to determine optimal 
pacing parameters will now be described in detail with reference to 
Figs. 7 and 8. The method to be described is particularly useful for 
determining accurately the effect of pacing determined from a finger 
plethysmogram signal provided by a photoplethysmogram signal detector, 
which can be susceptible to noncardiogenic interference. This method 
may also be used with other types of non-invasive plethysmogram 
detectors to reject various other artifacts which may affect accurate 
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determination of the cardiac effect of pacing as determined from the 
plethysmogram signal. 

[0056] As shown in Fig. 7, three groups of beats detected from the 
finger photoplethysmogram signal 90 are used in the calculation. Two 
beats are used from each of the groups of pre-baseline beats 92, obtained 
just before pacing commences, paced beats 93, obtained during pacing, 
and post-baseline beats 94, obtained after pacing has terminated. A 
pulse amplitude is computed for each of the three groups 92, 93, 94, as 
peak-to-peak amplitudes of the photoplethysmogram signal 90, with each 
group's figure being the average of its two beats. By obtaining the pre- 
baseline 92 and post-baseline 94 amplitudes, correction for 
noncardiogenic changes in finger pulse amplitudes detected in the 
photoplethysmogram signal 90 can be obtained. For example, if, after a 
deep breath, the autonomic reflex causes the finger pulse amplitude to 
decrease gradually, the pre-92 and post-94 baseline values will reflect this 
diminishing trend. Thus, the paced response 93, which is cardiogenic, 
can be corrected for the diminishing noncardiogenic component. The 
paced response may thus be calculated as: response % = {{paced - pre- 
baseline) - (post-baseline - pre-baseline)/compensation factor}/pre- 
baseline. The compensation factor is determined by simple geometry or 
empirical calibration, and is a number in the range of 1 to 8. Simple 
conventional high pass filtering on the pulse amplitude signal may also 
preferably be employed to enhance the accuracy of the result. 
[0057] The pacing sequence described, a series of paced beats 
separated by intrinsic baseline beats, is repeated a number of times (e.g., 
approximately 8 times) for each pacing parameter value (e.g., AV delay 
and pacing site combination) that is to be comparatively tested. Such 
repetitions further eliminate out the noncardiogenic components in the 
signal. The median of the several sequences is then taken as the 
resulting pacing response for the given pacing parameter value (AV delay 
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and/or pacing site). A graph can then be drawn, as shown, for example, 
for AV delay, in Fig. 8. In the example shown, this allows for the 
determination of the best AV delay. (In this case, the best AV delay is 
the longest one (220 msec.).) This is the AV delay which results in the 
largest pulse amplitude response, i.e., the pacing parameter value which 
results in the largest pulse amplitude charge from baseline. In Fig. 8 the 
diamonds show the measurements performed at each pacing sequence. 
A line has been drawn connecting the medians of each AV delay group. 
[0058] The method used for determining the effect of pacing from the 
finger plethysmogram signal should also reject the effects of other 
artifacts which might affect the accuracy of such a determination. For 
example, sudden movements of a patient's hand or arm will cause an 
artifact in the finger plethysmogram signal which should be detected and 
rejected from the calculation. Similarly, premature ventricular or atrial 
contractions (PVCs or PACs) will cause hemodynamic disturbances in the 
signal. These events may be detected by the programmer processor 36, 
from electrograms 96 detected by the implanted device 12 and 
telemetered to the programmer 10 in the manner as discussed above, and 
then rejected. This rejection may be done by discarding the affected 
pacing sequence, and repeating it. If baseline artifact checking is enabled 
98, any beat that changes by more than a certain percentage in relation 
to the average of the preceding two beats is declared a baseline artifact. 
If the baseline artifact occurs during, e.g., the 5 to 8 beats preceding 
pacing, the pre-baseline is deemed corrupted, and more, e.g., 8 more, 
intrinsic beats are added to allow the artifact to wash out before pacing. 
If the artifact occurs after pacing, then the post-baseline is deemed 
corrupted, and the whole pacing sequence is repeated. For artifact 
detection in the beats after pacing, the comparison is made in relation to 
the pre-baseline value, or to that of preceding beats of the post-baseline. 
If any paced beat changes by more than a certain percentage of the pre- 
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baseline, a pacing artifact is declared. This causes the sequence to be 
discarded and repeated. Any single PVC or PAC detected during the time 
of artifact rejection 98 will cause a response similar to an artifact 
detection, i.e., the pacing sequence is discarded and repeated. 
[0059] It should be understood that a programmer device 10 in 
accordance with the present invention may be employed to optimize any 
pacing parameter of an implanted pacing device which would have an 
effect on hemodynamic response. For example, as discussed above, a 
programmer device 10 in accordance with the present invention may be 
employed to optimize the AV delay. Other pacing parameters which may 
be optimized using a programmer device 10 in accordance with the 
present invention include interventricular delay (i.e., the time delay 
between the stimulation of one ventricle and the stimulation of the other 
ventricle), pacing site (e.g., left ventricle, right ventricle, bi-ventricular, 
etc.), pacing energy (e.g., pulse width, pulse amplitude, pulse shape), 
pacing mode, etc. In any case, the present invention provides a method 
and device for optimizing such pacing parameters using a noninvasively 
obtained signal which corresponds to hemodynamic performance, i.e., a 
finger plethysmogram signal. 

[0060] The present invention thus provides in a single programmer 
device the capability both to program an implanted cardiac pacing device 
and to determine non-invasively optimal pacing parameters for the 
implanted device, particularly for congestive heart failure patients. This is 
achieved by providing a finger plethysmogram signal to the programmer 
device from which optimal pacing parameters may be determined. The 
ability of the programmer device to control and monitor the performance 
of the Valsalva maneuver by a patient allows the device specifically to 
optimize pacing parameters based on changes in the finger 
plethysmogram related to pulmonary-capillary wedge pressure. For other 
physiologic conditions detectable from the finger plethysmogram and used 
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for pacing parameter optimization {e.g., pulsus alternans), the ability of 
the programmer to control/monitor the Valsalva maneuver is not required. 
[0061] A programmer device in accordance with the present invention 
may be employed more generally to monitor a patient's condition as it 
relates to heart failure. For example, by non-invasively determining an 
estimation of pulmonary capillary wedge pressure from a finger 
plethysmogram signal, and observing the Valsalva response using a 
programmer device in accordance with the present invention, clinical 
personnel at a pacemaker follow-up clinic can objectively detect a 
deterioration of the patient's general condition as it relates to heart 
failure. Pulsus alternans can also be detected as a deteriorating symptom 
of the heart failure patient. In this way, for example, an operator of a 
programmer device in accordance with the present invention can warn the 
heart failure specialist that, for example, the patient's estimated 
pulmonary wedge pressure is higher than measured at the last visit. This 
would indicate that a more thorough medical exam is in order, as well as 
a possible revision of medication prescription. 

[0062] It is understood that the present invention is not limited to the 
particular exemplary applications and embodiments illustrated and 
described herein, but embraces such modified forms thereof come within 
the scope of the following claims. 
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